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2. Fluid Properties
Substances or materials may be placed into one of three different
phases: 1) solids, 2) liquids and 3) gases. The latter two phases
are called fluids. Liquids are fluids and gases are fluids. Fluids
have various properties including those shown in the list below. All
fluid properties are temperature dependent meaning that the value
of the fluid property will vary with temperature. Common fluid
properties include:







Density, 
Specific weight, 
Specific gravity, S
Viscosity, 
Vapor pressure, Pvap
Surface tension, 

For example, the vapor pressure of a fluid is essentially the
pressure at which the fluid will boil – although technically vapor
pressure is a bit more complicated than this. The vapor pressure
of water at a temperature of 212o F is Pvap = 14.696 lb/in2 or psi.
Most of us know that water in an open pot (and therefore under the
influence of atmospheric pressure) boils at a temperature of 212 o
F.
The vapor pressure of water at room temperature (68 o F) is Pvap =
0.339 psi. Thus water will boil at room temperature if the
atmospheric pressure is 0.339 psi or less. Notice that the vapor
pressure increases as the temperature of the fluid increases.
Before proceeding to a discussion of various fluid properties, it
might be worthwhile to define exactly what a fluid is. A fluid is a
substance that deforms continuously when subjected to a shear
stress. In other words, you cannot break a fluid. This phenomenon
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is explained by Newton’s Law of Viscosity.
2.1.

Fluid Viscosity

Absolute or Dynamic Viscosity represents a fluid’s ability to resist
shear. Some fluids, such as molasses or syrup, have high
viscosities while other fluids, such as water or gasoline have low
viscosities. The viscosity of a liquid will decrease as the
temperature of the liquid increases. The viscosity of gases
increases as the temperature of the gas increases.
Consider the two flat plates shown in the figure below. The plates
are separated by some distance (Y) and a liquid – shown in blue –
fills the gap between the two plates. There is a force on the top
plate (F) that is pulling it. Thus the top plate is moving at some
velocity (V).
If the top plates moves at a constant velocity of V, then a velocity
profile will be developed between the two plates. A velocity profile
describes how the velocity in a fluid varies over distance. The
velocity profile shown in the figure below is a linear velocity profile
as the velocity varies from zero at the bottom plate to V at the top
plate. Also note that we call a condition where the velocity is
constant over time a steady-state condition.
Fluids exhibit what is called a no-slip condition. That is, they have
the same velocity as the surface in which they are in contact.
Therefore the velocity of the fluid particles along the bottom plate
is zero while the fluid particles in contact with the top plate have the
same velocity as the top plate.
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Figure 2- 1 – Linear velocity profile in a fluid between two flat plates

The velocity of the fluid particles between the two plates varies with
the distance from the plates. Also a shear stress is developed
along the surface area (SA) of the top plate due to the applied force.
In fact, shear stresses are developed everywhere in the fluid along
the distance separating the plates. The relationship that describes
the behavior of this system is called Newton’s Law of Viscosity and
is shown below.
𝜏=

𝐹
𝑑𝑉
=𝜇
𝑆𝐴
𝑑𝑦

Eq. (2- 1)

Where:

 - shear stress (Force/Area)
F – force (Force)
SA – Surface area in contact with the fluid (Area)
 - absolute or dynamic viscosity (Force-Time/Area)
dV/dY – derivative of velocity with respect to distance
(Length/Time/Length = Time-1)
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Newton’s Law of Viscosity can be derived in the following manner.
We know from solid mechanics that stress and strain are related to
one another as illustrated in Figure 2- 2. Of particular importance
is the linear portion of the curve where the material is in its elastic
state, that is, the state in which the solid object returns to its original
shape when the load is removed.

Figure 2- 2 – Stress-Strain Curve for a Solid
Courtesy: (https://en.wikipedia.org/wiki/Stress%E2%80%93strain_curve)

The constant slope within this linear portion of the curve represents
Young’s Modulas of Elasticity. If a load on a solid is increased,
then the solid will deform permanently – this is called the plastic
region. If a load on a solid is great enough, then fracture or
breaking will occur.
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Unlike solids, fluids do not have a plastic region. Rather fluids are
100% elastic regardless of the magnitude of the force applied to
them. You cannot break a fluid – ever! Fluids will deform
continuously under the action of a shear stress. So from solid
mechanics we know that stress and strain are related to one
another. In other words:
𝜏∝𝜖
Where  represents stress and  represents strain. In fluid
mechanics we say that the shear stress is proportional to the time
rate of strain as shown below.
𝜏∝

𝑑𝜖
𝑑𝑡

Eq. (2- 2)

Referring to Figure 2- 4, and recalling basic solid mechanics, we
can see that the rate of strain developed in the fluid is:
Δ𝜖 =

Δ𝑋
Δ𝑌

As we make Y smaller we obtain:
𝑑𝜀 =

𝑑𝑋
𝑑𝑌

Substituting into Eq. (2- 2) gives:
𝜏∝

𝑑𝜖
𝑑𝑋
𝑑𝑋
∝
∝
𝑑𝑡 𝑑𝑌𝑑𝑡
𝑑𝑡

1
𝑑𝑌
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We recognize that the incremental displacement divided by
incremental time is incremental velocity. Now we can describe the
stress/time rate of strain relationship as:
𝜏∝

𝑑𝑉
𝑑𝑌

Or
𝜏=𝜇

𝑑𝑉
𝑑𝑌

Eq. (2- 1)

The viscosity of most fluids will remain constant regardless of the
amount of the shear stress. These fluids are called Newtonian
Fluids. Non-Newtonian Fluids have viscosities that can change
due to changing shear stresses. Certain types of sludges and inks
are classified as Non-Newtonian fluids. The figure below illustrates
the relationship between the shear stress and the deformation rate
(dV/dY) of some fluids. Note that with the ideal plastic a certain
shear stress must be applied before the material will deform. Most
hydraulic network models will only accommodate Newtonian
Fluids.
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Deformation Rate, dV/dY

Figure 2- 3 – Stress-Deformation Rate Curve

Let’s take a detailed look at the velocity profile within a Newtonian
fluid. Consider the velocity profile shown in Figure 2- 4 below. Let’s
assume that the top plate is moving with a velocity of V and that
the bottom plate is stationary, i.e. V=0. Note that the velocity, V,
varies with the distance from the bottom plate, Y. We will consider
the distance from the bottom plate to be our independent variable
and we will consider the velocity to be our dependent variable. In
other words, velocity is a function of distance or V=f(Y).
Let’s develop the expression that relates the velocity to the
distance from the bottom plate. At a distance of Y1 from the bottom
plate, the velocity of the fluid is V1. Likewise, at a distance of Y2
from the bottom plate, the velocity of the fluid is V 2. Since the
velocity profile is linear, we will use an equation of a straight line to
describe the relationship between velocity and the distance from
the bottom plate.
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V=V

Y

Thickness, t
X

Y
V,X

V=0
Figure 2- 4 – Straight-Line Velocity Profile

Recall that the equation of a straight line is:
Dependent Variable = Slope*Independent Variable + Intercept

The slope of the line is the change in dependent variable divided
by the change in independent variable, i.e.
𝑠𝑙𝑜𝑝𝑒 = 𝑚 =

𝑉 −𝑉
𝑦 −𝑦

Eq. (2- 3)

Where:

m – Slope of the line
V2 – Velocity at Y2
V1 – Velocity at Y1
Y2 – Distance from the bottom plate where V2 occurs
Y1 – Distance from the bottom plate where V1 occurs
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Recall that the Intercept is the value of the dependent variable
when the independent variable is zero. For the problem presented
here, when the distance from the bottom plate is zero, then the
velocity is zero – because the bottom plate is stationary.
Thus the relationship between velocity and distance, otherwise
known as the velocity profile, is:
𝑉(𝑦) =

𝑉 −𝑉
𝑦 −𝑦

𝑦

Eq. (2- 4)

For the case of the velocity profile shown in Figure 2- 4, we have
two boundary conditions that permits us to compute the slope of
the line. The boundary conditions are:
V1 = 0 when Y1 = 0 and V2 = V when Y2 = t
Using these boundary conditions, the velocity profile is:
𝑉(𝑦) =

𝑉
𝑦
𝑡

Eq. (2- 5)

Frequently the fluid viscosity and fluid density are used with one
another in hydraulic relationships. To simplify the mathematics
somewhat another term called the Kinematic Viscosity is defined.
The kinematic viscosity is defined below.
𝜈=

𝜇
𝜌

Eq. (2- 6)

© 2002-2022 WaterWare Consultants. All rights reserved.

CEE 313 Course Notes

Where:

Page 11

 - Kinematic Viscosity (ft2/s, m2/s)
 - Absolute or Dynamic Viscosity (lb-sec/ft2, N-s/m2)
 - Fluid Density (slugs/ft3, kg/m3)

Figure 2- 5 and Figure 2- 6 below provide the absolute and
kinematic viscosities for various fluids as a function of the fluid’s
temperature. Note that for liquids such as water the viscosity
decreases as the temperature increases. The viscosity for a gas,
such as air or oxygen, increases as the temperature of the gas
increases.
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Figure 2- 5- (Fluid Mechanics – Streeter, Wylie and Bedford, 9th Edition)
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Figure 2- 6 - (Fluid Mechanics – Streeter, Wylie and Bedford, 9th Edition)
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Fluid Viscosity – Example #1

Problems dealing with fluid viscosity frequently found in an
introductory course in Fluid Mechanics involve computing the
viscosity of a fluid resulting from a force that causes motion.
Consider the 2-inch piston shown in Figure 2- 7 below that is
positioned within a sleeve having a diameter of 2.05-inches. There
is a fluid between the piston and the sleeve that acts as a lubricant.
The piston has a force of 20 lbs applied to it. After an initial period
of acceleration, the piston moves at a steady-state velocity of 2.2
Ft/Sec. What is the viscosity of the fluid?

4”

F=20 lb
2”

2.05”

V=2.2 Fps
Not to Scale

Figure 2- 7 – Piston in a Sleeve

To help solve this problem, let’s take a detailed look at the velocity
profile of the fluid between the piston and the sleeve as shown
below. The distance between the sleeve and the piston is 0.025inches. This is found by subtracting the piston diameter – which is
2-inches – from the sleeve diameter – which is 2.05-inches – and
dividing by two. We need to divide by two since the piston is placed
in the middle of the sleeve.
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CEE 313 Course Notes

Page 15

V=2.2 Fps

0.025”

Figure 2- 8 – Velocity Profile between Piston and Sleeve

We recognize that the velocity profile shown in Figure 2- 8 above
is linear which is what we would expect from a Newtonian fluid.
Since the problem involves viscosity, then use of Newton’s Law of
Viscosity would be a logical place to start.
As shown earlier, Newton’s Law of Viscosity states that the shear
stress developed in a fluid, (), is equal to the absolute viscosity of
the fluid, (), times the rate of change of velocity over distance
(dV/dY).
Recall from Eq. (2- 5) that a linear velocity profile has the
relationship:
𝑉(𝑦) =

𝑉
𝑦
𝑡

For a linear velocity profile, the derivative of velocity with respect to
distance (dV/dY) is:
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𝑑𝑉
𝑉
=
𝑑𝑦
𝑡
Substituting into Newton’s Law of Viscosity and rearranging to
solve for the fluid viscosity we have:
𝜇=

𝜏∗𝑡
𝐹 ∗𝑡
=
(𝑆𝐴) ∗ 𝑉
𝑉

Eq. (2- 7)

From solid mechanics we remember that the shear stress is a force
that acts over a surface area. The surface area in the case of
viscosity problems is the area of the moving surface that is in
contact with the fluid. For the problem here, the surface area is the
surface area of the piston.
We know the following:
Force, F = 20 lbs
Distance between sleeve and piston, t = 0.025-inches
Steady-state velocity, V = 2.2 Ft/Sec
Surface area of moving surface in contact with the fluid, SA
SA = Circumference*Length = (D)L
Recognizing that we must work in the same system of units, we
convert the distance between the sleeve and the piston from inches
to feet. We also convert the diameter of the piston and the length
of the piston from inches to feet. The resulting calculation below
shows the viscosity of the fluid.
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20 𝑙𝑏 0.025 12 𝑓𝑡
𝐹 ∗𝑡
𝑙𝑏 − 𝑠
𝜇=
=
= 0.1085
𝑓𝑡
[𝑆𝐴] ∗ 𝑉
𝑓𝑡
𝜋 2 12 4 12 𝑓𝑡 (2.2)
𝑠
Without knowing the temperature of the fluid, it is impossible to
determine what fluid acts as the lubricant between the piston and
the sleeve. Assuming that the lubricating fluid is at or near room
temperature (68oF) and using Figure 2- 5 as reference, then it
appears that the fluid is a thick fluid such as glycerin or castor oil.
2.1.2.

Fluid Viscosity – Example #2

Consider the 4’x4’x4’ block on the incline shown in Figure 2- 9
below. What weight is required on the cable connected to the block
so that the block moves at a constant speed of 2 ft/sec? There is
a lubricant between the block and the incline that has a viscosity of
 = 0.008 lb-sec/ft2. The thickness of the lubricant layer is ½”.
We start by applying Newton’s 2nd Law recognizing that if the block
moves at a constant speed, then the sum of the forces acting on
the block is equal to zero. Referring to the free body diagram given
in Figure 2- 10 we can write Newton’s 2nd law for this system as:
𝐹 =𝐹 −𝑊 −𝐹 =0
Where F1 is the force on the cable pulling the 500 lb block up the
incline, WX is the weight component in the X-direction and FR is the
resistance force due to shear between the bottom of the block and
the fluid lubricant.
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4’x4’x4’ Block

1/2"

Weight???

30o
Figure 2- 9 - Block on an Incline

F1

30o

WX

Y

FR

Figure 2- 10 - Free Body Diagram
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The weight of the block in the X-direction is:
𝑊 = (500 𝑙𝑏) sin 30 = 250 𝑙𝑏
We use Newton’s Law of Viscosity to determine the magnitude of
the resistance force caused by shear. Recall that Newton’s Law of
Viscosity is:
𝜏=𝜇

𝑑𝑉
𝑑𝑌

The shear stress, , is equal to the resistance force divided by the
surface area that is in contact with the fluid. Since this is a straightline velocity profile the space derivative of velocity is simply the
velocity of the block divided by the lubricant thickness. Thus we
have:
𝐹
𝑉
=𝜇
𝑆𝐴
𝑡
Solving for the resistance force we have:
𝐹 = (𝑆𝐴)𝜇
𝑙𝑏 − 𝑠𝑒𝑐
𝐹 = (4 ∗ 4 𝑓𝑡 ) 0.008
𝑓𝑡

𝑉
𝑡
2
0.506.14 𝑖𝑛

𝑓𝑡

𝑠
1 𝑓𝑡

12 𝑖𝑛

= 6.14 𝑙𝑏
Now that we have the force due to weight and due to fluid shear
we can compute the weight of the block, that is, the force in the
cable required to move the block at a constant speed of 2 ft/sec.
This is shown below.
© 2002-2022 WaterWare Consultants. All rights reserved.
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𝐹 =𝐹 −𝑊 −𝐹 =0
𝐹 = 𝑊 + 𝐹 = 250 + 6.14 = 256.14 𝑙𝑏
2.2.

Density, Specific Weight, Specific Gravity

Another commonly used property of a fluid is its density. The
density of a fluid is the ratio of its mass to its volume. The density
of water is 1.94 slugs/ft3 or 1000 kg/m3 at standard pressure (14.7
psi, 101 kPa) and temperature (39.2 oF, 4.0 oC). Many people
confuse the density of a fluid with the fluid’s specific weight.
𝜌=

𝑚
𝑉𝑜𝑙

Eq. (2- 8)

Where:

 - Fluid Density (slugs/ft3, kg/m3)
M – Fluid Mass (slugs, kg)
Vol – Volume of fluid (ft3, m3)

The ratio of the weight of a fluid to its volume is called its Specific
Weight. The specific weight of water is 62.4 lbs/ft3 in the English
system of units while in the SI system the specific weight of water
is 9806 N/m3. The expression below provides the relationship
between fluid density and specific weight.
𝛾 = 𝜌𝑔
Eq. (2- 9)

Where:

 - Fluid Specific Weight (lb/ft3, N/m3)
 - Fluid Density (slugs/ft3, kg/m3)
g – Acceleration Due to Gravity (ft/s2, m/s2)
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Frequently in fluid mechanics the weight of a volume of fluid is
expressed as:
𝑊 = 𝛾𝑉𝑜𝑙
Eq. (2- 10)

Where:

W - Weight of a Volume of Fluid (lb, N)
 - Fluid Specific Weight (lb/ft3, N/m3)
Vol – Fluid Volume (ft3, m3)

We can derive Eq. (2- 10) using the definitions of density and of
specific weight. We know from elementary Physics that the weight
of an object is its mass times acceleration due to gravity, i.e.
𝑊 = 𝑚𝑔
We know from Eq. (2- 8)) that mass equals density times volume.
So let’s substitute density times volume into the expression above
and we obtain:
𝑊 = (𝜌𝑉𝑜𝑙 )𝑔 = (𝜌𝑔)𝑉𝑜𝑙 = 𝛾𝑉𝑜𝑙
We know from Eq. (2- 9) that specific weight equals density times
gravity. Substituting specific weight for the density times gravity
terms we obtain Eq. (2- 10).
Another term related to fluid density and specific weight is Specific
Gravity. The specific gravity of a fluid is a measure of its density or
weight to the density or weight of water. The equation below
defines specific gravity.
𝑆=

𝜌
𝛾
=
𝜌
𝛾

Eq. (2- 11)
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S – Specific Gravity
f - Fluid Specific Weight (lb/ft3, N/m3)
f - Fluid Density (slugs/ft3, kg/m3)
w - Specific Weight of Water (lb/ft3, N/m3)
w - Density of Water (slugs/ft3, kg/m3)

The specific gravity of mercury, for example, is 13.6. This means
that mercury is nearly 14 times heavier than water. Specific gravity
does not just apply to fluids. Solids have specific gravities as well.
For instance, the specific gravity of gravel is about 2.65.
2.3.

Vapor Pressure

In a strict sense, vapor pressure is the pressure that exists in the
vapor (gaseous) phase at the interface between a liquid and a gas.
This writer prefers to think of the vapor pressure of a liquid as the
pressure exerted by a liquid on a void space located above the
liquid. However, before proceeding to a discussion of vapor
pressure, we must first talk briefly about pressure and the datum
from which pressure is measured.
From Physics, pressure is defined as a force, applied normal or
perpendicular to a surface, per unit area of the surface.
Mathematically, pressure is defined as:
𝑃=

𝐹
𝐴

Eq. (2- 12)

Where:

P – pressure (F/L2)
F – force (F)
A – area over which the force acts (L2)

The figure below illustrates how pressure is equal to force applied
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over an area. The 500 lb concentrated force applied over a 1 ft 2
area produces an equivalent pressure of 500 lb/ft 2. In fluid
mechanics, however, we more frequently express pressure in
terms of pounds per square inch (Psi) instead of pounds per square
foot.
500 Lb

P = 500 Lb/Ft2

1 Ft

1 Ft

Figure 2- 11 - Illustration of Pressure

We can convert pressure from Psf to Psi by:
𝑃 = 500

𝑙𝑏
1 𝑓𝑡
𝑙𝑏
∗
= 3.472
𝑓𝑡 144 𝑖𝑛
𝑖𝑛

Most of the time pressure is measured with a pressure gauge such
as those shown in the two figures below. Notice that the pressure
gauge shown in Figure 2- 12 is correctly reading zero because it is
not connected to anything. If a pressure gauge were connected to
a pressurized source, such as the fire hydrant shown in Figure 213, then the reading would be greater than zero.
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Figure 2- 13 - Pressure Gauge on a Fire Hydrant (nnifire.com)

Most people are familiar with the concept of gauge pressure as
many of us have seen pressure gauges before – even if they are
those that are used to measure air pressure in a tire. Most people
are also familiar with the concept of atmospheric pressure
especially if they watch the weather forecast on the evening news.
2.3.1.

Atmospheric Pressure

Atmospheric pressure is primarily due to the weight of the air acting
on the surface of the earth. Later in this document we will see that
the pressure of a fluid – and gases are fluids – can be related to
the weight of the fluid from:
𝑃 = 𝛾ℎ
Where P is the pressure due to a column of fluid having a specific
© 2002-2022 WaterWare Consultants. All rights reserved.
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weight of  and a height of h. The density of air varies with altitude
as shown in Figure 2- 14. At mean sea level (altitude = 0 ft) the
density of air is  = 1.27 kg/m3. A density of this magnitude equates
to a specific weight of:
𝛾 = 𝜌𝑔 =

1.27 𝑘𝑔
1𝑚
(3.281 𝑓𝑡)
𝑚
𝑙𝑏
= 0.0792
𝑓𝑡

1 𝑠𝑙𝑢𝑔
𝑓𝑡
32.174
14.594 𝑘𝑔
𝑠

Figure 2- 14 - Atmospheric Properties
(https://commons.wikimedia.org/wiki/File:Comparison_US_standard_atmosphere_1962.svg)
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We can develop a functional relationship between density and
altitude. Note in Figure 2- 14 above, density is along the horizontal
axis and altitude is along the vertical axis. We need to switch these
two and will do so in the table below.
Table 2- 1 - Density and Specific Weight vs. Altitude
Altitude
(Km)
37.00
29.00
24.00
24.50
22.00
20.40
19.00
16.40
15.00
12.15
10.05
8.40
6.85
5.50
4.30
3.25
2.25
1.40
0.80
0.00

Altitude
(Ft)
121389.60
95143.20
78739.20
80379.60
72177.60
66928.32
62335.20
53805.12
49212.00
39861.72
32972.04
27558.72
22473.48
18044.40
14107.44
10662.60
7381.80
4593.12
2624.64
0.00

Density
(kg/m3)
0.00
0.02
0.04
0.06
0.08
0.10
0.16
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.00
1.10
1.20
1.27

Specific Weight
(Lb/ft3)
0.00000
0.00125
0.00250
0.00375
0.00499
0.00624
0.00999
0.01249
0.01873
0.02497
0.03121
0.03746
0.04370
0.04994
0.05619
0.06243
0.06243
0.06867
0.07492
0.07929

Now we will plot specific weight versus altitude and perform a curve
fit to arrive at a functional relationship between specific weight and
altitude. Our function is:
𝛾 (𝐴) = −0.0838𝐴 + 0.2415𝐴 − 0.2352𝐴 + 0.0792
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Specific Weight vs. Altitude

0.090
0.080

y = -0.0838x3 + 0.2415x2 - 0.2352x + 0.0792
R² = 0.9996

0.070

Specific Weight (lb/Ft^3)

0.060
0.050
0.040
0.030
0.020
0.010
0.000
0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Altitude (100,000 Ft)
Figure 2- 15 - Specific Weight vs. Altitude

We can find the average pressure using the Mean Value Theorem.
Recall from Calculus that the Mean Value Theorem states that the
average value of a dependent variable over some range of the
independent variable can be found from:

𝑌=

1
(𝑏 − 𝑎)

𝐹 (𝑋)𝑑𝑥

Thus the average specific weight over 120,000 ft or 22.73 miles
altitude is:
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.
1
[−0.0838𝐴 + 0.2415𝐴 − 0.2352𝐴
𝛾̅ =
(1.20 − 0)
+ 0.0792]𝑑𝐴 = − 0.0434 + 0.1391 − 0.1693 + 0.0950
𝑙𝑏
= 0.01783
𝑓𝑡

Now we find the pressure associated with a 120,000 ft column of
air from:
𝑃=

𝑊 𝛾̅ ∀ 𝛾̅ ℎ𝐴
𝑙𝑏
𝑙𝑏
(120,000 𝑓𝑡) = 2,139.6
=
=
= 𝛾̅ ℎ = 0.01783
𝐴
𝐴
𝐴
𝑓𝑡
𝑓𝑡

We now convert the pressure from pounds per square foot to
pounds per square inch.
𝑃

= 2,139.6

𝑙𝑏
𝑓𝑡

1 𝑓𝑡
144 𝑖𝑛

= 14.86

𝑙𝑏
𝑖𝑛

Normal atmospheric pressure at mean sea level is around 14.7 psi.
Our estimate is off somewhat due to inaccuracies in the curve fitting
process. Nonetheless, the approach shown above does illustrate
how atmospheric pressure is due primarily to the weight of air.
Weather also plays a role in the magnitude of atmospheric
pressure. Nice sunny weather is typically associated with high
pressure systems while rainy weather is usually associated with
low pressure systems.
Standard atmospheric pressure is 14.696 psi. Conversions can be
easily made between other units used to describe atmospheric
pressure. Common units of atmospheric pressure include: Pascal,
bar, atmosphere, inches of mercury and feet of water. The latter
two measures actually represent the pressure head and not the
pressure itself. Pressure head, h, can be found from:
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ℎ=
Where:

𝑃
𝛾

h – pressure head (L)
P – pressure (F/L2)
 - specific weight (F/L3)

Let’s compute the value of standard atmospheric pressure in some
of the units commonly used to describe this quantity. The easiest
of the conversions is from psi to atmospheres as shown below.
𝑃

1 𝑎𝑡𝑚
= 1 𝑎𝑡𝑚
14.696 𝑝𝑠𝑖

= 14.696 𝑝𝑠𝑖 ∗

A Pascal is a unit of pressure in the SI system. A Pascal is
equivalent to one newton per square meter. The conversion from
psi to Pa or N/m2 is shown below.
𝑃

14.696 𝑙𝑏 4.448 𝑁 144 𝑖𝑛 (3.281 𝑓𝑡)
=
∗
∗
∗
𝑖𝑛
1 𝑙𝑏
1 𝑓𝑡
1𝑚
𝑁
= 101,330.19
= 101,330.19 𝑃𝑎
𝑚

One bar is equivalent to 100,000 Pa. Therefore we can easily
convert from Pa to bar. One bar is equivalent to 1000 millibars.
𝑃

= 101,330.19 𝑃𝑎 ∗

𝑃

= 1.013 𝑏𝑎𝑟 ∗

1 𝑏𝑎𝑟
= 1.013 𝑏𝑎𝑟
100,000 𝑃𝑎

1000 𝑚𝑏
= 1,103 𝑚𝑏
1 𝑏𝑎𝑟

Again the pressure head is the pressure divided by the specific
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weight of the fluid that we wish to express the head in. What the
pressure head represents is how high a column of fluid having a
particular specific weight will rise due to the pressure. Or
expressed another way, the pressure head represents the pressure
produced by a column of fluid having a particular specific weight
whose height is equal to the pressure head.
The pressure head of water associated with atmospheric pressure
is:

ℎ =

14.696 𝑙𝑏 144 𝑖𝑛
𝑖𝑛
1 𝑓𝑡
=
𝑙𝑏
62.4
𝑓𝑡

𝑃
𝛾

= 33.91 𝑓𝑡 𝐻2𝑂

Notice that in order to convert from psi – which is a very common
unit of pressure – to ft of head for water we must multiply the
pressure in psi by the quantity (144/62.4). The quantity (144/62.4)
is very, very important in water resources engineering. This
quantity tells us that there is 2.308 ft of head for water for every psi.
Thus a pressure of 50 psi will raise water to a height of:
ℎ = 50𝑝𝑠 ∗

2.308 𝑓𝑡
= 115.4 𝑓𝑡
1 𝑝𝑠𝑖

We can use the concept of Specific Gravity to easily convert the
pressure head of atmospheric pressure of water to an equivalent
pressure head of mercury. This calculation is shown below.
ℎ

=

𝑃
𝛾

𝑃
1
=
𝑆 𝛾
𝑆
= 2.49 𝑓𝑡 𝐻𝑔
=

𝑃
𝛾

=

1
33.91 𝑓𝑡
13.6
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Absolute Pressure

Absolute pressure is the pressure measured with respect to a
vacuum. Absolute pressure considers gauge pressure and
atmospheric pressure as shown by the expression below. In fluid
mechanics we almost exclusively work in terms of gauge pressure
because the atmospheric pressure is applied equally to everything
around us. The only time we really work in terms of absolute
pressure is when are dealing with vapor pressure.
𝑃

=𝑃

+𝑃

Eq. (2- 13)

Now let’s turn our attention to vapor pressure. Consider the liquid
in a tank as shown in Figure 2- 16 below. There is a void space
above the liquid in a tank and the void space – which is most likely
filled with a gas – has a pressure associated with it. The magnitude
of the pressure that the pressure in the gas is P 1. The pressure
that the gas exerts on the liquid is equal to P1 – the pressure
associated with the gas.
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Gas (P1)
Liquid (Pvap)

Figure 2- 16 – Liquid-Gas Interface

The liquid, in turn, exerts a pressure on the gaseous space above
the liquid. The magnitude of the pressure that the liquid exerts on
the gas is the vapor pressure of the liquid Pvap. Strictly speaking
the vapor pressure is the pressure that exists when the system is
in equilibrium. Therefore, at an equilibrium condition PVap and P1
are the same.
If the pressure that the gas exerts on the liquid is greater than the
vapor pressure of the liquid (P1 > Pvap) then molecules of the liquid
in a gaseous state will condense and enter the liquid state until an
equilibrium condition is reached.
Similarly, if the pressure that the gas exerts on the liquid is less
than the vapor pressure of the liquid (P1 < Pvap) then molecules of
the liquid will evaporate and move into a gaseous state until an
equilibrium condition is reached. We see this in nature when
boiling occurs. Boiling is the visible action of liquid molecules
entering the gaseous phase.
© 2002-2022 WaterWare Consultants. All rights reserved.

CEE 313 Course Notes

Page 34

As with all other fluid properties, the vapor pressure of a liquid is
dependent upon the temperature of the liquid. Table 2- 2 shows
the vapor pressure of water at standard atmospheric pressure.
Note that at a temperature of 212 oF the vapor pressure of water is
14.71 psi which is the same pressure as standard atmospheric
pressure.
Table 2- 2 - Vapor Pressure of Water and Standard Atmospheric Pressure
Temperature
32
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
212
220
240
260
280
300

Vapor Pressure
(Psia)
0.089
0.122
0.178
0.256
0.363
0.508
0.699
0.951
1.277
1.695
2.226
2.893
3.723
4.747
6.000
7.520
9.350
11.537
14.710
17.203
25.001
35.263
49.286
67.264

Water will actually boil at temperatures less than 212 oF if the
pressure of the gas above the liquid is less than the vapor pressure
of the liquid. Again consider the system shown in Figure 2- 16.
Assume the system is airtight and that the liquid is water. If the
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pressure of the gas, P1, is less than 0.363 psi, then water would
boil at temperatures less than 70 oF. You could actually have
boiling water at room temperature!
Vapor pressure is an absolute pressure. Thus it is possible in
hydraulic systems to have a negative gauge pressure. Such a case
is not uncommon on the suction side of a pump. In fact, the
absolute lowest pressure possible in a hydraulic system is vapor
pressure. If the pressure in a hydraulic system fell below vapor
pressure, then the liquid would vaporize and, of course, would no
longer be a liquid. Rather it would be a gas. Conditions such as
these do occur in a hydraulic system under rapidly varied flow
conditions – such as a transient event.
2.4.

Surface Tension

Consider the liquid/air interface shown in Figure 2- 17 below. The
particle of fluid located just at the interface of the air and the liquid
experiences a force imbalance between the top (in air) and the
bottom (in liquid). Liquid molecules on the bottom of the fluid
particle experience cohesive forces between them while the fluid
molecules adjacent to the air experience adhesive forces. For
water the cohesive forces are greater than the adhesive forces thus
resulting in a force imbalance.
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AIR

LIQUID

Figure 2- 17

We know from Newton’s second law that if there is a force
imbalance, then there is movement. We also know from looking at
water in nature that the surface of water does not move unless it is
being blown around by wind. So what is it that causes the surface
of a liquid to be stationary even though a force imbalance at the
liquid’s surface exists? The answer is Surface Tension. Frequently
the Greek symbol  is used to denote surface tension.
𝜎=

𝐹
𝐿

Eq. (2- 14)

Where:

 - surface tension
F – force associated with surface tension
L – length over which surface tension acts
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Figure 2- 18 - Water in Outer Space

Surface tension is a fluid property and, like all other fluid properties,
surface tension varies with temperature. Surface tension is the
property that causes a fluid to rise in a small tube otherwise known
as capillary action. Other examples of surface tension at work is
when a needle floats on the surface of a liquid or a droplet of fluid
forms. Surface tension has the dimensions of force per unit length.
Let’s consider the small circular tube shown in Figure 2- 19 below.
Notice that the liquid rises in the tube to a height of H above the
liquid surface. The diameter of the tube is D and the specific weight
of the fluid is f. The force due to surface tension is T. Notice that
at the interface of the liquid and the tube the liquid makes and angle
. The value of this angle depends upon the liquid and the material
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in which the fluid is in contact. For water and glass, the angle  =
0 degrees.
Using Newton’s 2nd law and recognizing that the fluid does not
move, then we have:
𝐹 = 0 = 𝑊 − 𝑇𝑐𝑜𝑠(𝜃)
From Eq. (2- 10) we know the weight of fluid above the liquid
surface is equal to the specific weight of the fluid times the volume
of liquid. Thus we have:
𝑊 = 𝛾 𝑉𝑜𝑙 = 𝛾

𝜋
𝐷
4

𝐻



T

H

W

Z

D

f

X

Figure 2- 19

Recall that surface tension is a force per unit length. Thus the
force, T, due to surface tension is equal to the surface tension times
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the length over which it acts:
𝑇 = 𝜎 𝜋𝐷
Substituting the weight of the fluid above the liquid surface and the
force due to surface tension into Newton’s 2nd law we have:
𝐹 = 0 = 𝑊 − 𝑇𝑐𝑜𝑠(𝜃)
𝛾

𝜋
𝐷
4

𝐻 = 𝜎 𝜋𝐷𝑐𝑜𝑠(𝜃)

Eq. (2- 15)

We can now use Eq. (2- 15) to solve for the height above the liquid
surface otherwise known as the capillary rise:
𝐻=

𝜎 𝜋𝐷𝑐𝑜𝑠(𝜃) 4𝜎 𝑐𝑜𝑠(𝜃)
=
𝜋
𝛾 𝐷
𝛾
𝐷
4

Eq. (2- 16)

Where:

2.5.

H – Capillary Rise (L)
f - Fluid Surface Tension (F/L)
f - Specific Weight of Fluid (F/L3)
 - Angle Fluid Makes with Tube (Deg)
D – Diameter of Tube (L)

Compressibility

Even though liquids are assumed to be incompressible, in reality
they are compressible.
The fluid property that addresses
compressibility is the Bulk Modulus of Elasticity. The bulk modulus
of elasticity is defined below.
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𝐸 =−

𝑑𝑃
𝑑𝑉
𝑉

Eq. (2- 17)

Where:

Ev – Bulk Modulus of Elasticity
dP – Incremental Change in Pressure
dV – Incremental Change in Volume
V – Fluid Volume

Even though, technically speaking, all fluids are compressible most
hydraulic models assume that the fluid being transported through
the network is incompressible. For fluids such as water, which has
a bulk modulus of elasticity of 410,000 psi (2829 MN/m 3) at 68 oF,
(20 oC), this is a valid assumption. In other words, a pressure
change of 2174 psi (15MN/m2) is required to produce only a 0.5%
change in volume. It is unlikely that pressures of this magnitude
would ever be developed in a water distribution system during
normal operating conditions.
Under most conditions the assumption of incompressibility is
justifiable. However, there is a hydraulic phenomenon called water
hammer (surge, fluid transients) that are capable of generating
pressures high enough so that the compressibility of water should
be considered. This phenomenon only occurs during extremely
rapid changes in flow such as a sudden valve closure or a sudden
power failure to a pump. Most network simulation models do not
consider very rapid changes in system flows and thus the
assumption of fluid incompressibility is valid. Nonetheless there
are instances when the rapidly varied nature of a hydraulic system
should be examined. Fortunately, there are tools, in the form of
computer programs that are available for this purpose.
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